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Introduction
Currently, the majority of the energy requirements of the World are met through fossil fuels. Over dependence of fossil energy has resulted in volatile crude oil prices and contributed significantly to environmental pollution leading to global warming (Huber et al., 2006) . Renewable and sustainable alternative energy sources such as microalgal biomass show great potential to complement fossil fuels to meet our energy needs in the future. Compared to terrestrial biomass, these microalgae grow faster and they do not compete with food crops for arable lands and fresh water (Patil et al., 2008) .
Microalgae can be readily converted into transportation liquid fuels and chemicals using advanced thermal conversion technologies such as hydrothermal liquefaction (Elliott, 2007) .
Hydrothermal liquefaction is a promising reaction that involves the conversion of biomass in subcritical water to hydrocarbons (Peterson et al., 2008) , usually referred to as biocrude or bio-oil.
Hydrothermal liquesfaction has been successfully carried out at both sub-and supercritical conditions (Minowa et al., 1995; Faeth et al., 2013 ) with water simultaneously acting as both reactant and catalyst. The process has many advantages over other conversion technologies e.g. pyrolysis . Under subcritical conditions the depolymerisation and repolymerization of complex molecules occurs to produce biocrude (Kruse and Dinjus, 2007) . Significantly, unlike other thermal conversion technologies, HTL obviates the need for drying of the feedstocks for producing biocrude.
HTL process results in the production of biocrude along with solid residue, gas and aqueous fractions. The primary product, biocrude is upgradable to liquid transportation fuels. The gas phase containing >98 % CO 2 and <2% hydrocarbon gases, and the aqueous phase rich in major, secondary and micronutrients can be recycled to the algae cultivation ponds to offset CO 2 and nutrient requirements (Frank et al., 2013) . Effective utilisation of the HTL product streams for microalgae cultivation will assist with improving technical and economic sustainability of this process. Previous studies highlight the possibilities of using the nutrient rich HTL aqueous phase as a recycled growth media for the cultivation of microalgae after suitable dilution (Jena et al., 2011b; Biller et al., 2012 ).
The biomass obtained from different microalgal strains were successfully converted into biocrude through HTL, which include Spirulina sp. , Nannocloropsis sp. (Elliott et al., 2013) , Dunaniella tertiolecta (Minowa et al., 1995) , Chlorella vulgaris, Porphyridium cruentum , and Desmodesmus sp. . There is general agreement that different microalgal species can be converted into a complex mixture of biocrudes with higher heating values (HHV) that are comparable to conventional petrocrude oils. Microalgae strains characterised with higher biomass productivity are found to be beneficial for the production of biocrude. The halophytic microalga Tetraselemis sp. used in this study was known for its higher biomass production potential under various salinity levels ranging from saline to hypersaline conditions (Fon Sing et al., 2014) .
Previous studies on HTL of algae were conducted either in batch or continuously operated HTL reactors under similar processing conditions Ross, 2011, Jazrawi et al., 2013) . One of the prime objectives of previous HTL studies was to optimise the reaction conditions i.e. temperature, holding time and solids content for maximum biocrude recovery (Valdez et al., 2012 , Jena et al., 2011a . The maximum biocrude recovery was mostly achieved with feedstocks containing ~20 % w/v solids at subcritical conditions with the use of water as a reaction medium (Brown et al., 2010) .
Maximum biocrude yield was recorded at higher temperatures close to critical point of water, with significant reaction times of 60min (e.g. . Recently the feasibility of achieving maximum biocrude recovery at relatively short reaction times e.g. 1 to 5 min have been demonstrated by Faeth et al., (2013) and Alba et al., (2012) .
The presence of heteroatoms such as N, O and S in the algal biocrude poses major challenges for the downstream refining process to produce fuel products (Barreiro et al., 2013b . Elliott et al., (2013) recently reported that heteroatoms in biocrude could be removed and/or reduced by hydro-treatment in the presence of suitable catalysts. Furthermore, the economic profitability of HTL processes are dependent on the quality of feedstocks and the process conditions which will result in maximum biocrude yield and less hydrocarbon loss in gas, aqueous and solid fractions , Brown et al., 2010 . Comparison of yield of biocrude, gas, aqueous and solid fractions reported in previous studies is difficult due to variation in feedstock biochemical composition, reactor configuration and process conditions used by the researchers. The maximum biocrude yields obtained reported in previous studies with various microalgal strains at different reaction times 60min were mostly in the range 15-52wt% (AFDW) (Valdez et al., 2012 , Minowa et al., 1995 . Faeth et al., This study provides a detailed investigation on the effect of reaction temperature and holding time on the hydrothermal liquefaction of Tetraselmis sp. for the production of biocrude. The main aim of the study was to optimise the operating conditions of HTL for the maximum recovery of biocrude from Tetraselmis sp. and assess its quality. The data from the elemental composition were used to estimate the higher heating value using Eq. (1) proposed by Channiwala and Parikh, 2002 ;
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where C H N S O and A represents the mass of carbon, hydrogen, nitrogen, oxygen, sulphur and ash, on a dry weight basis.
Hydrothermal liquefaction
Hydrothermal liquefaction experiments were carried out in a 1L batch high-pressure reactor made of
Inconel. Based on literature data the liquefaction experiments were investigated at various operating temperatures (310, 330, 350 and 370 o C) and reaction times (5, 15, 30, 45 and 60 min) using microalgal biomass feedstock containing 16%w/w solids. For each run, the reactor was charged with 16%w/w solids, which was obtained by mixing 60g of dry microalgal biomass with 300ml of seawater, after which the reactor was sealed. The reactor was then heated to the desired temperature using an electrical heating jacket (~20 o C heating rate), and held at the target temperature (±4 o C) for the predesigned reaction time period. In all the experimental runs, the reactor was continuously stirred by a specialised magnetic drive impeller type agitation device at 300rpm to ensure proper mixing. At the completion of the reaction holding time the heating was switched off followed by cooling to ambient temperature by passing tap water via cooling coils.
The gas phase was collected in Tedlar bags via the reactor gas vent after cooling the reactor to ambient temperature. The gas phase yields were quantified by the difference in final and initial weights of the Tedlar bag and expressed as a weight percentage relative to the amount (dry weight) of microalgae feed used for the HTL process. The reactor was then opened and the reaction mixture was transferred to a separating funnel. The reactor wall and stirrer was then washed with 50mL each of dichloromethane (DCM) and deionised water, to recover the residual reaction product from the reactor surfaces. The washed fractions were added to the rest of the reaction mixture in the separating funnel. A schematic of the product recovery and separation procedure is shown in Figure 1 . An equal volume of DCM to the reaction mixture was added into the separating funnel for phase separation and biocrude extraction from the solid and aqueous fractions.
The solid residue that was separated from the aqueous phase was washed 3 times with DCM (50mL)
for maximum recovery of biocrude. The DCM fractions containing biocrude were pooled and the solvent was vacuum evaporated at ~40 o C to purify the biocrude. The biocrude yield was reported as wt% on an ash free dry weight basis. The mass of the solid residue and dissolved aqueous phase were quantified after drying in a hot air oven at ~100 o C for about4h and 8h, respectively, to eliminate residual solvent and water. This was based on the work of Theegala and Midgett, (2012). The same 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7 procedure as described in section 2.1 was followed to determine the ash content. All experiments for 
Results and Discussion
Feedstock analysis
The elemental and biochemical composition of Tetraselmis sp. used in the present study is presented in Table 1 . In the reported work, the microalgal biomass was processed without the addition of any catalysts. Compared to the other microalgal strains the carbon content of Tetraselmis sp. observed in the present study was low and therefore, the higher heating value of this strain was less than the other micoralgal strains reported previously (Table 1 ). However, Tetraselmis sp. used in the reported study had a higher hydrogen-to-carbon ratio (H/C) atomic ratio of 1.94 compared to the H/C ratios recorded for Nannochloropisis oculata, Chlorella vulgaris, Porphyridium cruentum, Spirulina sp.
and Desmodesmus sp. (Table 1) . The higher the H/C ratio the higher is its value as it leads to more energy release upon combustion of the feedstock.
HTL product yields
The yield of HTL products obtained from Tetraselmis sp. is represented in Figure 2 . The treatment at 310 o C with reaction times ranging from 5-60min resulted in 40-46, 22-27 and 13-19wt% yields of biocrude, aqueous phase and solid residues, respectively. In these treatments, the reaction time of 5 and15min resulted in ~40wt% biocrude yield and treatments above 30min showed marginal increases in biocrude yield. There was no substantial effect with the various reaction conditions on the solid residue and aqueous phase, especially at low temperatures. This was attributable to the fact that at low temperatures, hydrolysis is the predominant reaction , which leads to high yields in solid residue and aqueous phase. At low temperatures, the organics simply dissolve and remain in the aqueous phase with less conversion to other product fractions such as biocrude and gas. In contrast to most past research investigations, the yields of solid residues obtained in this study . However, the data employed in computing the ERoEI analysis in the previous HTL studies were obtained at longer reaction times i.e. about 60min. It is envisaged that the ERoEI values would be attractive if higher yields of biocrude can be achieved at relatively shorter short reaction times which could significantly improve the energy-return on energy-invested (ERoEI) for the production process of alga biofuels. (Figure 4a ). It was found that improved biocrude quality was linked to higher ratios. In addition, the van Krevelen diagram for different biocrude ( Figure. 4b) indicates that the produced biocrude also exhibit close similarities for the H/C and O/C atomic ratios to that of other algal biocrude, suggesting Tetraselmis sp. as a potential feedstock for the production of biocrude.
HTL products analysis
Metallic constituents in biocrude from Tetraselmis sp.
One of the important factors in HTL is the present of metals in the resultant biocrude, and since microalgae, particularly marine strains are typically known to be high in alkali metals, the fate of metals during HTL is a concern. The metallic analysis of the biocrude oil ash fraction revealed the presence of some elements, including aluminium, calcium, copper, iron, potassium, magnesium, manganese, sodium, nickel, and zinc. Their concentrations in the biocrude were 4.3, 16.0, 1.6, 5.9, 9.3, 6.9, 0.4, 160.8, 2.1 and 1.5mg/l, for Al, Ca, Cu, Fe, K, Mg, Mn, Na, Ni and Zn, respectively.
Most of these elements were reported previously to be present in HTL-algal biocrude and the concentration of these metals was higher than that present in the petrocrude (Anastasakis and Ross, 2011). The metals (e.g. Cu, Fe, K, Mg, and Zn) are trace elements required for microalgae cultivation while Na and Ca are typical media composition, especially for marine strains. Metals in biocrude seemed unavoidable due to adsorption and leaching, especially if operating temperatures are high and the feedstock is rich in metals which also lead to increase in metal/salt content in the biocrude. As a result metals are often found in all types of crude oil and substantial reduction of metal/salt is required prior to refining to liquid transportation fuels in order to avoid issues associated with clogging and fouling. Though, some of these metals (e.g. Cu, Cr, Fe, Mn, Mo and Zn) have been suggested be useful catalysts for upgrading of biocrude (Jena et al, 2011a) , they could also cause problems, particulary in poisoning the catalysts employed for desulfurization and denitrogenation, increase in gas and coke formation and subsequent decrease in gasoline yields . Thus further studies are required to develop novel technologies to reduce salt and metal content in the biocrude for downstream processing operations.
Energy, carbon and nitrogen recovery
Optimum operating conditions leading to high-energy recovery in biocrude is desirable for HTL processes. Higher heating value of the feedstock, reaction temperatures and holding time, are considered important as they significantly influence the biocrude recovery. In this paper the obtained ER was 38-87%, which was within the range reported in the scientific literature earlier ( Figure The outcome of carbon and nitrogen recovery in HTL products streams is important as it is believed to affect the quality of the products. High carbon and low nitrogen recovery in biocrude is desirable as it affect its quality, in order to reduce NO x formation during combustion (Anastasakis and Ross, 2011). The carbon and nitrogen recovery details are given in Figure 6 . In this work the carbon and nitrogen recovery were 63-88% and 24-53%, respectively, which were found to be within the range of previous reports (e.g. Alba et al., 2012, Biller and Ross, 2011) . These previous studies obtained up to 70% and 22-40% carbon and nitrogen recovery in biocrude at a reaction temperature of 300- observed loss of hydrogen atoms which led to low H/C atomic ratios and low HHV during the biocrude upgrading using HZSM-5. Biocrude upgrading is also associated with higher operational costs due to the use of expensive catalysts and frequent fouling of reactor components.
Pretreatment of the microalgae to remove or reduce the protein content prior to HTL is considered beneficial to reduce N content in the biocrude (Alba et al., 2012, Biller and Ross, 2011) . However, this could have adverse effects in HTL biocrude yield due to loss of desired components in the form of carbon during the pre-treatment step. It is envisaged that after pretreatment, the algae cells will be weak/fragile hence would not require high temperature normally applied for direct liquefaction, suggesting reduction in energy consumption. This pretreatment step helps in maximising biocrude yield at lower reaction temperatures and will reduce energy consumption and high risk associated with operating high temperature-pressure systems. Recent reports have shown that processing of pre-treated microalgae at much lower reaction temperature led to increases in biocrude oil yield, predominantly due to the initial hydrolysis of the pre-treated microalgae (Miao et al., 2012) .
Optimisation of process conditions for liquefaction of pre-treated microalgae is necessary to obtain maximum yields of biocrude.
The Optimum condition
The data presented in Figures 2, 4 , 5 and 6 provide a information on biocrude yields and properties over a range of operating conditions. Thus, the optimum condition(s) for biocrude recovery can be ascertained. The process temperatures and reaction times that were investigated were computed as the logarithm value of equation 3. It was found that log Ro increase with increase in reaction temperature and time in agreement with Faeth et al., (2013) , suggesting that high biocrude yield at low value of log Ro was preferable in terms of temperature and time. In this study, the maximum biocrude yield of 65% corresponded with log Ro of 5.21, which was found lower in comparison to previous reports ( Table 2 ) that obtained maximum biocrude yield at long reaction time (60min).
Indicating that maximum biocrude achieved at short reaction times leads to low log Ro values, long holding periods led to higher log Ro values.
Therefore, it can be concluded that HTL treatment at 350 o C and 5 min would be the optimum condition for achieving maximum biocrude yield from the microalga Tetraselmis sp used in this study. However, this reaction condition may not result in the ideal quality biocrude quality for refining purposes as different reaction conditions were required to achieve maximum yield and ideal quality biocrude for downstream processing. The composition of the biocrude, particularly carbon and oxygen was different between short and long reaction times. In addition, the data suggest that biocrude yields at low Ro (low severity or low temperature and reaction time) is economically favourable. However, as observed in this study and recent publications, maximum biocrude yield is obtained at high temperature conditions ≥ 350 o C. This condition is not favourable for the production of desired quality biocrude as it releases more nitrogen compounds from the biomass.
Conclusion
HTL of the halophytic microalga Tetraselmis sp. in this study indicated that shorter reaction time i.e.
5min at temperature below supercritical point would be ideal to achieve maximum biocrude yield.
However, the resultant biocrude did not have desirable composition for downstream refining, thus required further upgrading to reduce heteroatoms and other impurities. HTL treatment with shorter reaction time has many advantages, which include reduction in capital costs and energy consumption.
This work further confirms that Tetraselmis sp. is an ideal feedstock for biocrude production through HTL and higher lipid content is not an essential criterion for enhanced biocrude recovery. 
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